Smart health management for swarm-based space exploration systems by Hinchey, Mike & Vassev, Emil
Smart Health Management for Swarm-based Space 
Exploration Systems  
 
Mike Hinchey 
Lero–the Irish Software Engineering Research Centre 
University of Limerick 
Limerick, Ireland 
mike.hinchey@lero.ie 
Emil Vassev 
Lero–the Irish Software Engineering Research Centre 
University of Limerick 
Limerick, Ireland 
emil.vassev@lero.ie
 
 
Abstract—Autonomous swarm-based space exploration missions 
are inspired by social insects to provide a robust means of space 
exploration. Multiple self-organizing and autonomous spacecraft 
cooperate to explore deep space where a single monolithic 
spacecraft is impractical. Such an approach may facilitate 
exploration without risking human lives, and go where no man 
can go. The unmanned nature of such systems necessitates high 
levels of autonomy achieved via self-management features 
including health management based on automated detection, 
diagnosis and (re-)action that enables mitigation of adverse 
events during the mission. Moreover, to increase overall 
resilience, and ultimately the performance of the entire swarm, 
the health management mechanism run by an individual must be 
sufficiently “smart” to comply with the swarm-level goals and 
policies, which may lead to situations where repair is not the best 
solution. 
Keywords-health management; self-adaptive systems; swarm-
based systems; space exploration. 
I.  INTRODUCTION 
Today, most scientists would agree that monolithic 
spacecraft are expensive and a sometimes impractical means of 
conducting (unmanned) space exploration. Space poses 
numerous hazards and harsh conditions, which makes it a very 
hostile place for humans. Without risking human lives, robotic 
technology such as robotic missions, automatic probes and 
unmanned observatories allow for space exploration. 
Unmanned space exploration poses numerous technological 
challenges. This is basically due to the fact that unmanned 
missions are intended to explore places where no man has gone 
before and, thus, such missions must deal, often autonomously 
and with no human control, with unknown factors, risks, events 
and uncertainties.  
A nice example of such a challenging task is the 
exploration of the Asteroid Belt, a region in our solar system 
located between the planets Mars and Jupiter and probably 
containing millions of asteroids composed of metals and 
minerals [1]. Realizing that a single and monolithic spacecraft 
is impractical to explore the Asteroid Belt, NASA is proposing 
new biologically-inspired swarm-based classes of space 
exploration missions where potentially thousands of small 
spacecraft will work together to cooperatively explore those 
asteroids of interest [2],  accomplishing mission goals through 
cooperative action by a group of autonomous individual 
spacecraft. Note that the high levels of autonomy of such 
intelligent swarm-based systems requires principles and 
techniques which will help such systems to become resilient 
through self-management and automatic adaptation. By 
adhering to the principles of autonomic computing (AC) [3], 
such space exploration systems may implement vital features 
for unmanned missions such as self-management, including 
health management, often referred to as self-healing. The goal 
of self-healing is to provide mechanisms allowing for 
automated detection, diagnosis and action that enable 
mitigation of adverse events during the mission. Self-healing 
space systems have the potential for improved performance 
ranges and lifetimes over conventional systems. However, in 
order to increase the overall swarm (or mission) performance, 
the self-healing approach in intelligent swarm-based systems 
needs to consider the entire swarm when an individual needs to 
apply a self-healing strategy. Here, considering the self-healing 
problem from a swarm perspective, a correct strategy might not 
be to repair an individual spacecraft unit but to transform or 
destroy it, and eventually to replace it by another healthy 
individual.  
II. ANTS 
The Autonomous Nano-Technology Swarm (ANTS) 
concept sub-mission PAM (Prospecting Asteroid Mission) is a 
novel approach to asteroid belt resource exploration (see Figure 
1). ANTS necessitates extremely high levels of autonomy, 
minimal communication requirements with Earth, and a set of 
very small explorers with a few consumables [2]. These 
explorers forming the swarm are pico-class, low-power and 
low-weight spacecraft units, yet capable of operating as fully 
autonomous and adaptable agents. Ideally, the ANTS’ 
explorers will be automatically assembled from reusable 
components by an ANTS space laboratory.  
Each spacecraft is equipped with a solar sail and relies 
primarily on power from the sun, using only tiny thrusters to 
navigate independently.  Moreover, each spacecraft also has 
onboard computation, artificial intelligence, and heuristics 
systems for control at the individual and team levels. The 
spacecraft forming a swarm are able to interact with each other 
and self-organize. In general, a swarm consists of several sub-
swarms, which are temporal groups organized to perform a 
particular task. Each swarm group has a group leader (ruler), 
one or more messengers, and a number of workers carrying a 
specialized instrument (see Figure 1). The messengers are 
needed to connect the team members when they cannot connect 
directly, due to long distances or other barriers. For ANTS 
exploration, individual autonomy is not crucial, but the mission 
cannot succeed unless each team has all the autonomic 
properties:  
 
 
FIGURE 1. ANTS MISSION CONCEPT [3]  
 
Self-configuration. ANTS must be able to adapt to changes 
in the system. Moreover, ANTS must be fully reconfigurable to 
support concurrent exploration and examination of hundreds of 
asteroids. Reconfiguration may also be required because of a 
failure or anomaly of some sort. 
Self-healing. ANTS must be able to recover from errors or 
damage, including those caused by damage due either to a solar 
storm or to a collision with an asteroid or another spacecraft.  
Self-optimizing. ANTS must be able to improve 
performance on the fly. Leaders can use experience to self-
optimize, thus improving their ability to identify asteroids. 
Messengers strive to find the best position to improve the 
communication among the swarm units. Workers also self-
optimize through learning and experience. 
Self-protecting. ANTS must be able to anticipate and 
recover from intrusions. For example, ANTS must protect itself 
from solar storms, where charged particles can degrade sensors 
and electronic components, or destroy the solar sails.   
In the following sections, we present an approach to smart 
self-healing where the mission goals and mission policies drive 
the choice of the most appropriate self-healing strategy.  
III. AWARENESS IN ANTS 
Awareness is a concept playing a crucial role in our 
approach. Conceptually, awareness is a product of knowledge 
and monitoring. A key success factor for an ANTS system is to 
employ its knowledge and monitoring capabilities to become 
an aware system. Here, a spacecraft unit senses and analyzes 
the other surrounding spacecraft units, and the space 
environment in terms of asteroids, solar activity, 
communication availability, etc. A primary awareness-related 
task for such a unit is to notice a change (e.g., function failure) 
and understand the implications of that change. As shown in 
Figure 2, a spacecraft unit maintains knowledge to track 
changes in the unit itself and to some extent changes in the 
swarm and the surrounding space environment. Thus, an  
ANTS mission must also maintain special situational 
knowledge, eventually expressed as situational knowledge 
patterns intended to cover special situations or relevant 
changes in the space environment, swarm system, or individual 
spacecraft. For example, a situation could be a fault occurrence 
detected as a faulty event – an unobservable (or unexpected) 
event.    
 
FIGURE 2. GENERIC MECHANISMS FOR AWARENESS IN ANTS  
 
As shown in Figure 2, the ANTS awareness model 
comprises a special awareness control loop that reveals four 
distinct functions: 
• monitoring—uses sensors and communication links 
to collect, aggregate, filter, manage, and report 
internal and external information gathered from the 
ANTS’s individual spacecraft units and space 
environment; 
• recognition—uses knowledge to track changes in 
individual spacecraft units, the entire swarm (ANTS), 
or the environment (context); 
• assessment—determines points of interest, generates 
hypotheses about situations involving these points, 
and recognizes situational patterns;  
• learning—generates new situational patterns and 
maintains a history of property changes. 
The four functions forming the awareness control loop help 
the ANTS mission to be aware of internal changes, external 
changes and situations. Note that ANTS shall rely on both 
proactive and reactive monitoring. Reactive monitoring 
happens after an event (external or internal) has taken place 
while proactive monitoring relies on analysis of data collected 
via sensors and input communication links to raise alerts before 
the actual event happens. In addition to the specific control and 
notification messages, to facilitate the proactive monitoring, 
the individual spacecraft units exchange on a regular basis the 
so-called pulse-beat messages carrying useful information 
including the current health status of the sender. For example, 
each worker sends, on a regular basis, pulse-beat messages to 
the ruler of its group. This helps the ruler determine when a 
worker is not able to continue its operation, due to a failure. 
IV. SELF-HEALING IN ANTS 
Self-healing in ANTS is about finding the right self-healing 
strategy that will eventually help the swarm repair the faulty 
spacecraft units without decreasing the overall swarm 
performance or affecting the mission goals. Such a self-healing 
strategy, we term a “smart self-healing strategy”.          
A. Smart Self-healing Strategy 
A self-healing strategy is determined by an initial faulty 
state sf, a destination nominal state sn and a set of self-healing 
actions Ash
M  = <s
 (repair plan) distributed among the spacecraft units 
participating in the self-healing process. Formally, a self-
healing strategy M is a tuple  
f; sn; Ash
In this approach, a computed self-healing strategy is a 
smart strategy, because it is computed by taking into 
consideration the global mission goals and policies. We assume 
that a smart self-healing strategy will be always applicable, i.e., 
without additional preconditions. Here, the challenges are 1) 
how to determine the faulty state s
>     (1) 
f ; and 2) how to determine 
the destination nominal state sn and the appropriate actions Ash 
leading to that state in complement with the global mission 
goals and policies. We presume that a faulty state sf is a 
deviation from a nominal state when a fault has occurred in the 
system. Therefore, to determine faulty states of a spacecraft 
unit, we consider an initial nominal state s0
R
 and a set of 
possible basic faults F, which are actually non-desirable (or 
unobservable) events. Formally, this can be presented as 
following: 
sf  : Su × F → Sf
Here, R
     (2) 
sf is a function computing the possible faulty states  
Sf for each nominal state Su
s
 of the space unit and basic faults 
F. For example,  
f = Rsf (s0; fi
computes the faulty state s
 )     (3) 
f, which is a deviation from the 
nominal state s0 (s0 ϵ Su) when a fault fi (fi  ϵ F) has occurred 
in the system. Note that Rsf may be more complex when there 
is uncertainty in the state evaluation. In such a case Rsf  may be 
a function returning a set of possible faulty states  Sf
R
  and a 
probability distribution Π over those states. Thus, 
sf  : Su × F → Π(Sf 
and s
)     (4) 
f = Rsf (s0; fi
As we have mentioned above, the second challenge in this 
approach is to determine the destination nominal state s
 ) will be the faulty state with the highest 
probability.  
n and 
the set of self-healing actions Ash that will do the transition 
from sf to sn
Note that to compute both the nominal state s
. The problem is that a smart self-healing strategy 
copes with the mission goals and policies, i.e., there should not 
be constraint violations. For example, if the repair process 
significantly slows down the overall mission, which eventually 
can be accomplished without repairing the faulty units, the 
smart self-healing strategy might be to leave those units 
unrepaired. 
n and the set 
of self-healing actions Ash of a smart self-healing strategy, a 
spacecraft unit needs to know the goals, policies and current 
state of the entire swarm. The computational model is a 
probabilistic one because there is uncertainty and lack of 
information needed to determine the state of the entire swarm. 
The formal model for computing both the nominal state sn and 
the set of self-healing actions Ash
M
 is a tuple  
n
where: 
 = < S; P; G; A; T; Z; O; R>    (5) 
• S is a finite set of global states of the swarm. 
• An initial belief state s0 ϵ S is based on p0 (s0; s0
• P is a finite set of global policies of the swarm. A 
policy is a set of semantically related rules and 
constraints. 
 ϵ 
S), which is a discrete probability distribution over 
the set of swarm states S, representing for each state 
the unit's belief that the swarm is currently occupying 
that state. 
• G is a finite set of swarm goals. A goal g (g ϵ G) may 
be presented as a desired transition from a state to 
another, i.e.,  
g = (s ⇒ s’)     (6) 
Note that a goal considers a transitive transition ⇒, 
where in order to get to a state s’ from a state s the 
system will go through numerous intermediate state 
transitions, possibly at the unit level, i.e., 
⇒ = { s1 →  s2 →, ….,→ sn
• A (A
 }     (7) 
sh 
• T: S × A → Π(S ) is the state transition function, 
giving for each swarm state S and spacecraft unit 
action A, a probability distribution over states. Here, 
T (s; a; s’) computes the probability of ending in 
state s’, given that the start state is s and the unit takes 
action a, p (s’|s; a). 
⊂ A) is a finite set of actions that may be 
undertaken by the spacecraft units of the swarm. 
• O: A × S → Π(Z) is the observation function giving 
for each swarm state S and action A, a probability 
distribution over observations Z. For example, O (s’; 
a; z) is the probability of observing z, in state s’ after 
taking action a, p (z | s’; a). 
• R: S × A × P × G → R is a reward function, giving 
the expected immediate reward gained by the unit for 
taking an action a from a state s, e.g., 
r = R (s; a; P; G)    (8) 
The reward r is a scalar value in the range [0..1] 
determining, which action (among many possible) 
should be undertaken by a spacecraft in compliance 
with the swarm goals and policies.     
The computational model for smart self-healing strategy 
must:  
1) choose a destination nominal state sn that will “move” 
the swarm closer to its current goal g, i.e.,  sn shall be one of 
the possible intermediate states (see formula (7) ) that is closest 
to the goal state s’ (see formula (6)); 
2) based on the chosen nominal state, choose the self-
healing set of actions Ash (Ash 
Note that the repair of a spacecraft unit is usually a self-task 
performed by the faulty unit, but it may also involve other 
spacecraft units. In such a case, a ruler or an idle worker must 
drive the self-healing process and assign the self-healing 
actions A
⊂ A) and assign performers 
(spacecraft units) to them. 
sh
B. Transformation Scenarios for ANTS 
 to spacecraft units. Here, the planning and 
scheduling algorithms for ANTS might be borrowed from [4].   
A smart self-healing strategy may determine that it is not 
worth repairing a faulty unit, but may decide to destroy it or 
transform it, e.g., from a worker to a ruler. In this section we 
present a few scenarios [5], where a single spacecraft unit 
might be required to self-destroy, or voluntarily transform to 
another class of spacecraft. The scenarios described below 
consider a worker unit, but they are applicable to the other two 
spacecraft classes (ruler and messenger) as well.  
A faulty worker might be transformed by the self-healing 
actions Ash
When a unit is damaged so badly that cannot move 
anymore, it eventually will perform self-destruction (not 
necessarily a physical self-destruction, but a self-sacrifice 
removing it from the swarm), thus avoiding the risk of collision 
with another ANTS unit.  
  to a ruler or messenger. The transformation should 
be possible, because originally the ANTS spacecraft units are 
built from reusable components. Moreover, in case such 
transformations are not possible, it might be transformed to a 
stand-by “shield”. A shield unit sails nearby and strives to 
protect the replacement worker from different hazards. For 
example, a shield unit could take the impact of an incoming 
small asteroid which is about to hit the replacement worker.  
This kind of protection is a real sacrifice, because the shield 
unit will serve as such until its full destruction. However, a 
smart self-healing strategy may decide to do so, because it 
increases the overall performance of the swarm, by minimizing 
the time and resources needed to recover from a probable 
impact involving an active worker, ruler, or messenger.  
V. CONCLUSION 
We have briefly presented our theoretical model for smart 
health management in swarm-based space exploration systems 
such as NASA ANTS. The basis of such a health management 
is the so-called smart self-healing strategy that is built by the 
swarm on the fly by taking into consideration the mission goals 
and policies. Thus, such a strategy may decide not to repair a 
faulty spacecraft unit, because, for example, the repair process 
might have a bad impact on the mission goals. Instead, the 
faulty unit might be transformed, destroyed, or left unrepaired.  
Future work is mainly concerned with implementation of 
our approach and simulated experiments.  
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